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Abstract    Despite recent progress in deep-sea biodiversity assessments in the Southern Ocean (SO), there remain gaps in our 
knowledge that hamper ef  cient deep-sea monitoring in times of rapid climate change. These include geographical sampling bias, 
depth and size-dependent faunal gaps in biology, ecology, distribution, and phylogeography, and the evolution of SO species. 
The phenomena of species patchiness and rarity are still not well understood, possibly because of our limited understanding 
of physiological adaptations and thresholds. Even though some shallow water species have been investigated physiologically, 
community-scale studies on the effects of multiple stressors related to ongoing environmental change, including temperature 
rise, ocean acidification, and shifts in deposition of phytoplankton, are completely unknown for deep-sea organisms. Thus, 
the establishment of long-term and coordinated monitoring programs, such as those rapidly growing under the umbrella of the 
Southern Ocean Observing System (SOOS) or the Deep Ocean Observing Strategy (DOOS), may represent unique tools for 
measuring the status and trends of deep-sea and SO ecosystems.
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1  Introduction
More than 50% of the Earth’s surface lies below 3 000 m
water depth[1]. In the past decade, the question of how 
many species there are on Earth and in the Ocean[2] has 
been raised repeatedly. Fueled by the knowledge of the 
unprecedented loss of species on Earth[3], some authors think 
that the Earth might approach a state shift in its biosphere, 
potentially due to anthropogenic influences[4]. Some authors 
have highlighted the importance of taxonomy in uncovering 
changes in faunal composition, such as those linked to global 
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change[5]. The biodiversity of the SO is high, especially in 
the deep sea, and reflects changes in climate, oceanographic, 
and tectonics, both in the past and more recently[6-8]. Authors 
have tried to understand the origin and evolution of SO taxa, 
in the context of shifts in the SO between warm and cold 
periods in the Pleistocene and Holocene[7,9-11]. There is strong 
molecular evidence that some shelf (or shelf-inhabiting) 
taxa survived glacial cycles and further evolved in the deep 
SO[8,12-13], and that modern deep-sea fauna is ancient[14-15]. 
Conversely, some SO species have exhibited polar 
emergence[9,16]. A number of sound biogeographic analyses 
have been published in the last decade under the umbrella 
of the Census of the Antarctic Marine Life (CAML, http://
www.coml.org/projects/census-antarctic-marine-life-caml), 
in an attempt to understand the biological diversity of this 
unique and poorly understood environment. These studies 
contribute to a better understanding of how varying taxa 
survive in the cold SO surrounding Antarctica[17-21]. Despite 
recent successful expeditions, information on macrobenthic 
community diversity and habitat heterogeneity in the deep 
sea is still too scarce or heterogeneous for a preliminary 
comparison with corresponding data from shelf habitats[22-23]. 
Even if efforts have been made recently towards the online 
publication of raw biodiversity data, by means of dedicated 
information networks[24], it is extremely important that the 
scienti  c community continues to mobilize knowledge in an 
open fashion. Some authors[25] have stressed the rapid decline 
of research data with time, gauged from the relationship 
between the age of scienti  c publications and the odds of a 
data set being extant. A recent discussion[26] showed that, in 
the long term, research data cannot be reliably preserved by 
individual researchers, and further demonstrates the urgent 
need for policies mandating data sharing via public archives. 
The increased knowledge of SO biodiversity, 
differences between SO shelf and deep-sea communities, and 
vulnerability due to climate change has been reviewed[27], 
reflecting the enormous international effort of CAML. 
However, there are still limitations in the SO deep-sea 
biodiversity assessments, and some challenges are discussed 
here. It will be necessary to overcome some of these 
challenges and design more appropriate sampling strategies 
to monitor changes in the deep SO, in times of rapid climate 
change. 
The present study does not aim to present a review; its 
purpose is to outline the gaps in SO deep-sea biodiversity 
research that currently complicate SO deep-sea monitoring.
2  Discussion of challenges
The Census of the Marine Life (CoML, http://www.coml.
org/) represents a decade of discovery, whereby a collective 
effort was made to assess the diversity, distribution and 
abundance of marine life. One of the flagship projects of 
the CoML was the 5-year CAML, which investigated the 
distribution and abundance of SO marine biodiversity[6,27-29]. 
This project also analyzed how SO biota evolved, how single 
species were affected by climate change, and how potential 
environmental changes in the future could alter ecosystem 
services[30].
This project, together with CeDAMar (Census of the 
Diversity of Abyssal Marine Life, http://www.cedamar.
org/de/), explored the biodiversity of several previously 
unknown bathyal and abyssal deep-sea ecosystems. Some 
of these results, compiled as part of a multinational and 
multidisciplinary project working under the CoML umbrella, 
are already published[6,31-33].
Raw data on the occurrence and distribution of marine 
species are available in global-scale information systems, such 
as OBIS (Ocean Biogeographic Information Facility, http://
www.iobis.org/), or GBIF (Global Biodiversity Information 
System, http://www.gbif.org/). Within CAML, over 18 000 
SO taxa were identi  ed and included in a taxonomic register. 
This register is part of the biodiversity information system, 
Antarctic Marine Life: the SCAR-Marine Biodiversity 
Information Network (SCAR-MarBIN; www.scarmarbin.be), 
now searchable throughout the new Antarctic Biodiversity 
Information Facility (ANTABIF) project (www.biodiversity.
aq), which plays the role of an Antarctic data node for both 
OBIS and GBIF. More than 700 species new to science 
were discovered[6-7,34], more than 3 000 species barcoded[35], 
and a SO Plankton Atlas was produced[36]. Moreover, a new 
Biogeographic Atlas of the Southern Ocean is released in 
August[34] (http://atlas.biodiversity.aq/). Unknown habitats 
were explored for the first time, including mounts[37], the 
SO deep sea[32], the Amundsen Sea[15], life underneath the 
collapsed Larsen A and B ice shelves[38-39], hydrothermal 
vents on the East Scotia Ridge[40], and seep ecosystems west 
of the Antarctic Peninsula[41-42]. The lasting legacy of CAML 
is as a unique benchmark for monitoring change in the SO 
and many scientists will work for years on the biodiversity, 
biogeography and conservation aspects for multiple marine 
taxa and habitats. The development of molecular techniques 
is an advance that promises to revolutionize knowledge 
on the diversity and biogeography of the Antarctic marine 
biota[43-45]. CAML supported these projects through a large 
DNA barcoding effort[35]. Molecular techniques are rapidly 
evolving, becoming ever more sophisticated and with 
higher resolution[46], allowing the recognition of a wealth 
of cryptic species within what were once regarded as single 
widely distributed species, such as the isopod Glyptonotus 
antarcticus Eights, 1852, the nudibranch Doris kerguelensis 
(Bergh, 1884) and the pycnogonid Colossendeis megalonyx 
Hoek, 1881[47-49]. Not only does this work increase the 
number of known species (i.e. the richness) in the SO, 
it may also dramatically change biogeographic patterns, 
typically reducing the known range size or depth range due 
to the split of one into several species[50], hence affecting our 
interpretation of the evolutionary history of the fauna.
Despite CAML’s recent progress, there remain some 
problems, gaps in knowledge and unanswered questions[27,51]. 
This is partly due to the high costs and long wire times for 
the deep-sea deployment of trawled gear or corers. These 
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Figure 1   Typical deep-sea gear used for data acquisition: (1) pro  ling drifter, (2) manned bathyscape “Jago”, (3) towed tracer injector, (4) 
glider swarm, (5) ROV  “Kiel 6000”, (6) oceanographic anchorage with acoustic linkage to landers and satellites, (7) AUV “Abyss”, (8) 
Geomar modular lander, and (9) mini-lander with OBS (ocean bottom seismometer).
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time constraints could be overcome by the development of 
ef  cient and time-saving autonomous deep-sea sediment and 
organism samplers. Despite great advancements in deep-
ocean technology in the past three decades (especially with 
regard to obtaining physical environmental data, Figure 1), 
autonomous deep-sea samplers and ocean observatories are 
still missing in the deep SO. These would allow sampling of 
sufficient seafloor for the investigation of benthic deep-sea 
organisms, and save ship-time.
Rapid climate change drives the scientific community 
to identify requirements for long-term monitoring, such as: (i) 
the selection of essential Ecosystem Ocean Variables (eEOVs) 
to be measured and monitored; (ii) the geographic areas 
on which to focus; and (iii) the technologies and standard 
research techniques for the development of an international 
strategy for the SO and global deep-ocean observatories. 
Discussions on the selection of eEOVs have just started 
and will likely produce guidelines for new and standardized 
sampling strategies in the near future[52].
2.1  Operations at different temporal scales (from 
sea-ice to the benthic realm)
Ecological studies in the SO are often dif  cult to compare, 
as studies typically operate at different spatial and temporal 
scales (at different geographic areas and in different seasons). 
Ecological processes, like pelagic productivity at the surface 
of the ocean, operate at short time scales from hours and days 
to months, whereas those in the deep sea usually operate at 
timescales from months to thousands of years. For example, 
approximately 1 cm of sediment is deposited in 1 000 years 
at abyssal depths[53]. Evolutionary developments, e.g. those 
determined by long-term climate changes, are most effective 
at periods of thousands of years to many millions of years[54], 
e.g. the processes that occurred in the Tertiary and led to the 
establishment of the psychrosphere and polar oceans[55].
Conversely, investigations of benthopelagic coupling 
processes have revealed that a pulse of freshly produced 
natural organic matter can reach the sea  oor within days[56], 
leading to a response of the benthic community in terms 
of an increase of ATP (adenosine-triphosphate, a proxy for 
biological activity) in less than 8 d[57].
2.2  Sampling bias with geography
In the recent decade, international initiatives and coll-
aborations have increased our knowledge of SO biodiversity 
patterns and our understanding of which processes 
are most important in driving these patterns[27,56,58-59]. 
These projects include ANDEEP (ANtarctic benthic 
DEEP-sea biodiversity, colonization history and recent 
community patterns;  ht tp:/ /www.cedamar.org/en/
section1/repository/andeep.html), SYSTCO (SYSTem 
C O u p l i n g ¸  h t t p : / / w w w. p o l a r j a h r. d e / A N D E E P -
SYSTCO.241+M52087573ab0.0.html), BIOPEARL 
(Biodiversity Dynamics: Phylogeography, Evolution 
and Radiation of Life; http://www.antarctica.ac.uk//bas_
research/our_research/previous_research/gsac/bioflame.
php), BIANZO (Biodiversity of three representative groups 
of Antarctic Zoobenthos; http://www.belspo.be/belspo/
fedra/proj.asp?l=de&COD=SD/BA/02A ), and CEAMARC 
(Collaborative East Antarctic Marine Census; http://www.
ga.gov.au/image_cache/GA15520.8pdf)[6,15,58-62]. 
Poorly investigated areas, such as the Amundsen Sea, 
Bouvetøya, or bathyal and abyssal areas of the Weddell, 
Scotia and Ross seas, were recently investigated by 
international expeditions[6,15,38,62-64]. Records of macro- and 
megafaunal richness for several Antarctic locations revealed 
greater marine richness than anticipated[65]. However, faunistic 
comparisons of different ocean realms are increasingly biased 
with depth.  At larger spatial scales, first estimates of SO 
species richness on the continental shelf [66-67] and in the deep 
sea[6] have been published. Other areas that are understudied 
include deep-water hard rock habitats, e.g. canyon and 
trough walls, volcanic lava fields and rocky seamounts, as 
they are dif  cult or impossible to sample with trawling and 
coring gear and require remotely operating vehicles with 
sampling appliances. Recent expeditions of the ChEsSo 
(Chemosynthetically driven ecosystems south of the Polar 
Front: biogeography and ecology, http://www.noc.soton.
ac.uk/chess/science/chesso.html) project explored hard rock 
habitats along the East Scotia Ridge and in the Bransfield 
Strait by a remotely operating vehicle (ROV) and underwater 
camera system. These expeditions highlighted not only areas 
of hydrothermal fluid flows[40,68], including some associated 
with vent-endemic fauna[40,69-70], but also recorded species 
on these hard rock habitats, such as the carnivorous sponge 
Abyssocladia, a giant actinostolid anthozoan[40], the newly 
described shrimp Eualus amandae[71] and stalked carnivorous 
ascidians (Linse, personal observation), that had not been 
previously reported in the SO.
Additional knowledge gaps are due to bias in the 
sampling gear. Different gears are regarded to be either 
quantitative or qualitative (i.e. corers vs. trawled gear). 
Because of a lack of standardized procedures, different 
working groups and expeditions have used a variety of 
different mesh sizes (not all scientists use fine mesh-sized 
gear and sieves), protocols or   xation methods[72] and could 
not always identify, count or weigh all or comparable sets 
of taxonomic groups. Singular or replicate deployments 
at stations, as well as general sampling standards, often 
differ between research groups and might weaken statistics 
associated with faunistic or zoogeographic comparisons. 
The use of   ne-mesh may dramatically increase the number 
of new records in purportedly well-known shelf areas[73], 
which is likely the case for the deep sea. Sampling effort with 
geography is illustrated in Figure 2.
2.3  Sampling bias with depth
Most SO samples are obtained from the continental 
shelves; this area and its biology is the best known in the 
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SO. However, with increasing depth, our knowledge of 
the SO fauna decreases because of the small amount of 
samples available at bathyal and abyssal depths, linked to 
logistic constraints and cost-intensive long wire times[6,66]. 
In some areas, like the deep shelf and upper slope areas, 
sample deployments have been recently complemented by 
ROVs and towed camera systems, which provided valuable 
additional information on benthic species and communities, 
especially at larger scales. These studies highlighted new 
types of benthic communities[37-38]. The standardized usage of 
gear and standardized deployments in benthic studies have 
led to new SO discoveries regarding deep-sea endemism 
and biogeography. High biodiversity was reported in all size 
classes, even down to abyssal depths[6-7], especially when 
surveys used trawled gear equipped with small mesh sizes, 
like epibenthic sledges and trawls with small mesh-sized 
inner nets[7,74-75]. Sampling gear for deployment at varying 
depths is illustrated in Figure 1.
2.4  Body size 
Our knowledge of the biology, distribution, zoogeography, 
and evolution of species of all animal phyla is size dependent. 
The smaller the species (nano-, meiobenthos, <1 mm),
the less we know about them. For example, nematodes are 
usually known only to genus level because of the lack of 
taxonomists and the problems of species’ discrimination[7]. 
This knowledge gap also includes a lack of information 
Figure 2   Numbers of benthic invertebrate sampling stations in the Southern Ocean. The circles represent the midpoint of each grid cell, 
which comprises 3 degrees latitude by 3 degrees longitude. Colors indicate the number of distinct latitude and longitude combinations (sites) 
of benthic records. The size of each circle represents the mean depth of the sea  oor within that grid cell. The red line indicates the mean 
position of the Polar Front. Data available from ANTABIF[85].
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on species’ life histories and their diets; our knowledge of 
the SO food web is mainly based on diets of large pelagic 
predators, and thus it is largely unknown what benthic bottom 
dwellers feed on. This might be due to scienti  c effort and 
the concentration of benthos sampling on continental shelves. 
Exceptions to this trend are some well-known tiny species 
of Foraminifera, as detailed knowledge on these contributes 
to climate reconstructions[76-77]. In contrast, large sponges are 
still very dif  cult to identify and discriminate, despite their 
role in benthic habitat architecture. 
Another immense gap in our knowledge of SO 
biodiversity is related to prokaryotes. Even if huge quantities 
of data are generated by new next-generation sequencing 
technologies (such as 454, Illumina, Ion Torrent), our 
understanding of potential patterns in bacterial diversity in 
the Oceans is very much in its infancy. Speci  c efforts need 
to address this gap, by adapting information systems to this 
domain of life. The Microbial Antarctic Resource System is 
such an initiative, which is intended to progressively   ll this 
knowledge gap[78].
2.5  Patchiness and rarity
In many marine areas (especially in the deep sea), more 
than 50% of all species occur in samples as singletons 
(species found with only one individual)[15,29,79-80]. These 
low numbers of individuals make it difficult to judge 
whether the distribution of such species can be explained by 
patchiness due to ecological drivers such as food availability 
or, alternatively, by a rather homogeneous distribution in 
combination with general rarity. Underwater images can 
help answer this question, because they provide a good 
documentation of the presence, density and distribution of 
mega-epifaunal animals. However, small macrofaunal and 
meiofaunal epi- and almost all endobenthic species are not 
evaluable on these images.
For example, investigations based on sampling multiple 
spatial scales across the Weddell and Scotia Sea slope and 
abyss documented that Isopoda can be rich and abundant on 
local and regional scales, with their distributions being patchy 
rather than rare[6,80].
2.6  New and cryptic species, taxonomy and databases
Sampling in the unknown deep sea of the SO and adjacent 
deep-sea basins greatly increased the number of known 
species, especially of isopod crustaceans, most of which were 
new to science[6]. First insights into the biotic and abiotic 
processes shaping and driving SO deep-sea communities[6,27,80] 
were provided. However, describing new species is usually 
time consuming. Furthermore, a lack of scientists trained in 
taxonomy means that the gap in taxonomic descriptions and 
the tremendous mismatch between taxonomically described 
species and recorded morphospecies in many deep-sea areas 
can complicate the understanding of the biotic response of 
deep SO organisms to abiotic processes, such as climate 
change. For some biological questions, molecular tools have 
revolutionized morphological approaches in the past few 
decades. The genetic identi  cation and delineation of cryptic 
species, which cannot be differentiated morphologically, 
have challenged taxonomy and biodiversity estimates[81]. In 
the past decade, CAML tried to overcome this impediment 
with the establishment of an SO barcoding project[35] as well 
as the establishment of biogeographic databases (such as 
SCAR-MarBIN and the Register of Antarctic Marine Species 
[RAMS]), which have become powerful tools for cataloguing 
species as a solid benchmark against which changes in 
species composition can be measured.
2.7  Perspectives
The new SCAR (Scientific Committee of Antarctic 
Research; http://www.scar.org/) scientific research projects 
AntEco (the State of the Antarctic Ecosystem; http://www.
scar.org/researchgroups/progplanning/#AntEco) and AnT-
ERA (Antarctic Thresholds—Ecosystem Resilience and 
Adaptation, http://www.scar.org/srp/ant-era)[82] will help build 
on the foundations that CAML provided. These projects also 
face the urgent and crucial need to improve current sampling 
devices and international sampling standards, strategies and 
designs, to overcome scientific gaps and challenges before 
new biodiversity crises occur[4]. 
One priority of the Southern Ocean Observing System 
(SOOS, http://www.soos.aq/) is to assess the design for an 
efficient, long-term structure for measuring the status and 
trends of the SO ecosystems; DOOS (Deep Ocean Observing 
Strategy Overview and Progress; http://www.indeep-project.
org/news/deep-ocean-observing-stragegy-overview-and-
progress) aims to cover the global deep-sea area. Filling 
all the gaps mentioned above through various international 
initiatives and national programs will result in more and better 
generalization in deep-sea biology, which is still in its infancy.
This is a challenging goal, especially in the deep SO. 
The network of monitoring stations should cover areas where 
climate-induced environmental changes already occur (e.g. 
at the polar front or west of the Antarctic Peninsula, or where 
sea-ice extent increases), as well as areas where changes are 
expected in the next decades and areas that are expected to 
remain relatively stable (for compilation of information, see 
reference [83]). Stations should cover different habitats, for 
example those defined by sediment differences and bottom 
topography, such as trenches, over-deepened basins, plains, 
mounts and slopes. Regular sampling could be guaranteed 
as part of international long-term programmes, and/or 
monitoring stations should be situated close to regularly sailed 
routes of research vessels, for example close to Antarctic 
stations. The latter, however, could again cause sampling 
bias with geography, as many research stations are situated 
close together, such as on King George Island. International 
agreements on joint monitoring strategies might help to 
overcome this problem and provide new platforms from 
which changes can be measured.
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Organism composition should be analyzed following 
standardized protocols, including abundances (densities), 
diversity[84] and biomass (for megabenthos) as obligatory 
parameters[23]. Replicate sampling should be applied covering 
different spatial scales to obtain maximal representativeness, 
consider spatial autocorrelation effects and provide a sound 
basis for spatial and temporal comparisons. Molecular or 
genetic monitoring should be included to measure the changes 
that cannot be detected using morphological techniques. 
The biological sampling should be combined with routine 
in situ and remote measurements of ecologically relevant 
physical and chemical variables, such as temperature, salinity, 
oxygen, sea-ice, pH, sediment characteristics, POC, DOC, 
nutrients and biological bulk parameters such as primary and 
secondary production. Mid-term changes in biodiversity need 
to be identi  ed as well as the drivers of these changes, two 
questions that had been identified to be of high priority by 
the lst SCAR Horizon Scan[86]. An appropriate timescale and 
frequency of monitoring has to be negotiated for the detection 
of changes. Within such a framework, general background 
knowledge on SO deep-sea biodiversity must continue to 
increase through consistent area-wide surveys. The results 
should be permanently made available through existing 
web platforms that enhance and allow data accessibility and 
exchange.
Moreover, many scientific questions cannot be solved 
on the basis of a handful of organisms obtained by means 
of ROVs or on the basis of seafloor photographs (AUVs) 
(autonomous underwater vehicles), despite the valuable 
information they provide on distribution patterns at any spatial 
scale and in so far inaccessible habitats, e.g. under the sea-ice 
and ice shelves. Such technology can be seen in Germany, for 
example, where the research institutes GEOMAR in Kiel and 
MARUM in Bremen administer and operate a   eet of modern 
underwater vehicles and landers (Figure 1). However, deep-
sea biologists will also have to collaborate with engineers 
developing robotics (artificial intelligence) to address the 
urgent need to design innovative, modern autonomous 
underwater sampling devices for sampling larger amounts 
of sediment and organisms than ROV technology currently 
allows. 
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